Carbonic anhydrase VI (CA VI) was purified from human saliva by inhibitor-afftnity chromatography, and its distribution was studied in human submandibular gland by the indirect immunoperoxidase technique with a rabbit polyclonal antibody raised against the isozyme. Polyclonal antibodies to human CA I and CA II purified from erythrocytes were also raised and used for immunostaining. SDS-polyaaylamide gel electrophoresis of the purified isozymes revealed a single protein band (CA VI, 42 KD; CA I and CA
Introduction
Carbonic anhydrase (CA; E.C. 4.2.1.1) catalyzes the reversible hydration of carbon dioxide and exists in several forms. CA has been purified from saliva of rat, human, and sheep (5, 6, 7, 10, 15, 19) . These secreted CAS have several unique properties which distinguish them from well-known cytoplasmic forms (CA isozymes I, 11, and 111) and are therefore classified as CA VI. They have a large molecular mass and are glycoproteins. SDS-polyacrylamide gel electrophoresis has shown that the molecular weight of human CA VI is 40-42 KD, whereas those of the cytoplasmic isozymes are 29-30 KD (lOJ5).
Human CA VI has two or three N-linked oligosaccharide chains Except for our recent study of rat tissues (19) , there has been no comprehensive investigation concerning the cellular and subcellular localization of CA VI in the salivary gland. To date, only two immunohistochemical studies of human CA VI have been per- formed at the light microscopic level (10, 20) . In human submandibular and parotid glands, CA VI is localized in the serous acinar cells and duct luminal contents, suggesting that the isozyme is secreted by serous acinar cells in a merocrine fashion (via the secretory granules). Cellular localization of rat CA VI is similar to that of human CA VI. Subcellularly, rat CA VI is localized in the secretory granules and cytosol ofserous acinar cells (19) . The first objective of this study was to determine the subcellular distribution of CA VI in human glands.
The serous acinar cells of the human salivary gland also contain CA I1 (10.16,17,20) . Because of the granular immunostaining for CA II and CA VI in these cells, Parkkifa et al. (20) have suggested that both isozymes co-localize in the secretory granules and that only CA VI is secreted into the saliva. Therefore, the second objective of this study was to determine the subcellular localization of CA I1 in serous acinar cells of the human submandibular gland.
Materials and Methods
Mication of CA VI, CA I, CA II, and Submandibular Gland CA.
Twenty ml of whole saliva and 20 ml of blood were obtained from four 343 healthy volunteers (two men and two women). Under gustatory stimulation with 2% citric acid. saliva from each subject was collected into 50-ml tubes on ice in the presence of an equal volume of 0.1 M Tris-SO4 buffer (0.1 M Tris-SO4 and 0.2 M NazS04. pH 8.7) containing 0.2 M benzamidine.
Submandibular gland was obtained at autopsy and homogenized with a Physcotron homogenizer (Niti-on; Chiba, Japan) in the ice-cold 0.1 M Tris-SO4 buffer containing 0.2 M benzamidine.
The saliva, blood. and homogenate were processed, and the CA isozymes were affinity-purified as previously described for the rat enzymes (19) . The purity and molecular weight of each isozyme were determined by SDSpolyacrylamide gel (10-20% polyacrylamide gel) electrophoresis (SDS-PAGE) (12) . This procedure was also described previously (19) .
Endoglycosidase Digestion. CA VI and submandibular gland CA were digested with endo-P-N-acetylglucosaminidax F (endo F) (Boehringer Mannheim; Mannheim, Germany) according to the method previously described (19) and were examined for changes in molecular weight by SDS-PAGE.
Production of Anti-CA VI, Ann-CA I. and Anti-CA Il Antibodies. Antiserum to each of the CA isozymes was raised in male New Zealand albino rabbits according to the immunization protocol described previously (19) . Sera obtained before the immunization were pooled and used as pre-immune serum.
IgG fractions were prepared from antisera and pre-immune serum by ammonium sulfate precipitation followcd by protein A affinity chromatography (Affi-Gel Protein A MAPS I1 Kit; Bio-Rad Laboratories. Richmond, CA).
Western Blot. Western blotting was carried out as described previously (19) . Briefly. after SDS-PAGE under non-reducing conditions, the CA isozymes were electroblotted onto hydrophobic polyvinylidene difluoride (PVDF)-based membranes (Immobilon PVDF Transfer Membrane; Millipore, Bedford, MA). The membranes were treated with 0.01 M sodium phosphate-buffered saline (pH 7.2; PBS) containing 3% bovine serum albumin (BSA). and then with a 1:10 dilution of normal goat serum (Cappel Laboratories; Cochranville, PA) in PBS containing 0.05% Tween 20 (PBS-Tween 20). After the incubation with one of the primary antibodies (anti-CA VI at 1:10,000; anti-CA I and anti-CA I1 at 1:3000)and then with peroxidase-conjugated goat antibody to rabbit IgG (1:2000) (Tago; Burlingame, CA), they were treated with 3,3'-diaminobenzidine (DAB)-H202 solution. Negative controls were performed by substituting the primary antibody with PBS-Tween 20 and pre-immune rabbit IgG (1:lO.OOO or 1: 3000).
Dot-blot. The CA isozymes were applied directly to dry Immobilon membranes and air-dried. The membranes were further processed as de-solution to visualize immunoreaction sites. For light microscopic observation, sections were counterstained with methyl green, dehydrated, and mounted with Permount. For electron microscopic observation. sections were treated with 2.5% glutaraldehyde in PBS after incubation with the secondary antibody and with 2% OsO4 in 0.1 M phosphate buffer (pH 7.4) after incubation with DAB-H~OZ solution. They were dehydrated and embedded in an epoxy resin (Epok 812; Oken Shoji, Tokyo, Japan). Ultrathin sections were examined without counterstaining, using a JEOL 2000 EX electron microscope.
Negative controls for immunostaining were obtained by substituting the primary antibodies with PBS-BSA and pre-immune rabbit IgG (1:10,000 or 1:3000). As an additional control. sections were incubated with primary antibodies that had been pre-treated for 24 hr at 4'C with 0.125 to 1 mglml of the corresponding antigens, then subjected to the remaining procedures of indirect immunoperoxidase staining.
Results

PurzFcation of CAS
The enzymes were purified by inhibitor-affinity chromatography and exhibited CA activity which was determined by the pH changing method, using carbon dioxide as a substrate (21) . CA VI purified from saliva migrated as a single wide band at 42 KD on SDS-PAGE 1 2 3 4 45.0Kscribed above for Western blotting.
Immunohistochemistry. Submandibular glands obtained during sur-
30.0K-
--
gery for salivary gland neoplasms (three patients with pleomorphic adenoma and one with monomorphic adenoma) were cut into small tissue blocks 24.0Kwith a razor blade and fuced overnight at 4'C in periodate-lysine-4% padormaldehyde. They were washed serially in graded sucrose solutions (10-20% in PBS), embedded in OCT compound (Miles; Elkhart, IN), and snapfrozen in liquid nitrogen. Cryostat sections ( 6 8 pm) were cut, thaw-mounted on albumin-coated glass slides, air-dried, and transferred to PBS.
Sections were immunostained by indirect immunoperoxidase method as described previously (19) . Briefly, for light microscopic immunohistochemistry, sections were incubated with normal goat serum (MO in PBS containing 1% BSA; PBS-BSA) to block nonspecific binding and then with one of the primary antibodies (anti-CA VI at 1:10.0000; anti-CA I and anti-CA I1 at 1:3000). Thereafter, endogenous peroxidase activity was inactivated by incubation with 3% H2Oz. After incubation with peroxidaseconjugated goat anti-rabbit IgG (1:400 in PBS-BSA containing 5% normal human serum of AB blood type), they were incubated with DAB-HzOz ( Figure 1 , Lane 1). Both CA I and CA I1 purified from erythrocytes migrated as a single band of 30 KD (Figure 1 , Lanes 2 and 3). Submandibular gland CA migrated as several bands including those of 42 and 30 KD (Figure 1, Lane 4) . The 42 KD band resembled that of CA VI, and the 30 KD band, those of CA I and CA 11. All the above CA mobilities on SDS-PAGE were the same under reducing and non-reducing conditions. 1 2 3 4 5 66.0K-30.0K 24.0K.
Endog!ycosidase Digestion
Salivary and salivary gland CAS were digested by endo F to cleave N-linked oligosaccharides. and the change in the SDS-PAGE profile was examined. Incubating CA VI without endo F did not affect its SDS-PAGE profile. whereas incubation with endo F deleted the 42 KD band and produced three distinct bands at 38, 33, and 31 KD (Figure 2 , Lanes 1 and 2). Because the 38 KD band was similar to a band of endo F (Figure 2 , Lane 5). we concluded that endo F degraded the 42 KD molecule to those of 33 and 31 KD. Endoglycosidase digestion induced a similar change in the 42 KD submandibular gland CA. On the other hand, endo F appeared to be ineffective on the 39, 30, and 22 KD molecules of submandibular gland CA which were observed in the native SDS-PAGE (Figure  2, Lanes 3 and 4) .
Characterization of Antibodies
Antibodies were tested for immunoreactivity and crossreactivity to each of the purified enzymes by immunoblotting. Western blots showed that each antibody recognized its corresponding antigen band. Crossreaction was not apparent between CA VI, CA I. and CA I1 (Figures 3a-3c , Lanes 1-3). Blotted submandibular gland CA showed that the 42 KD (Figures 4a-4c ). Crossreaction was not observed between salivary and erythrocyte isozymes, but slight crossreactivity was present between erythrocyte isozymes. Anti-CA I and anti-CA I1 antibodies slightly stained each other's antigen dots (Figures 4b and 4c , Lines 2 and 3).
Immunohistochemistry
The parenchymal element of human submandibular gland exhibited immunostaining for both CA VI and CA I1 (Figures 5a-5c ), but not for CA I (Figure 5d ). Anti-CA I antibody stained the walls of small blood vessels (Figure 5d , inset). Immunostaining for CA VI was restricted to the serous acinar and demilune cells ( Figures  5a and 5b ). In these cells the staining tended to be more intense in the supranuclear or apical cytoplasm (this apical concentration of stain was particularly clear when the cell was cut along the apico-basal axis; arrows in figures 5a and 5b). In lightly stained cells, the immunoreaction products appeared to assume granular configurations (double arrows in Figures Sa and 5b) . In addition to these cellular elements, the luminal content in the duct was positive for CA VI (arrowhead in Figure Sa) . The serous acinar and serous demilune cells also exhibited cytoplasmic staining for CA I1 (Figure 5c ). In contrast to that for CA VI, the immunostaining for CA I1 tended to be more intense in the perinuclear or basal cytoplasm. Here again, apico-basal contrast of the staining was clear in cells sectioned parallel to the apico-basal axis (arrows in Figure 5c ). Immunostaining for CA I1 was also detected in the intercalated duct and striated ducts. However, the reactivity was very low and was limited to sparsely scattered small foci (arrowheads in Figure 5c ).
CA VI was localized in the secretory granules and cytosol of the acinar cells ( Figure 6 ). whereas CA I1 was only found in the cytosol (Figure 7) . Among intercalated duct cells, that were devoid of immunostaining. immunoreactive cells were scattered. The reaction products were seen in the cytosol but not in the membrane-bound organelles (Figure 8 ). The striated duct also contained occasional reactive cells. These cells contained weak, sporadic reactive foci in the cytosol (Figure 9 ).
Negative Controls
No staining was seen on Immobilon membranes and tissue sections after incubation with PBS or pre-immune rabbit IgG (Figures   4d and Se) . Pre-absorption of the primary antibody with the corresponding antigen at 0.125 mglml abolished immunoreactivity attributable to the antibody in all tissue sites (not shown). stained with (a,b) anti-human CA VI (c) anti-human CA 11, (d) anti-human CA I antibodies and (e) pre-immune rabbit IgG. Serous acinar cells, serous demilune cells, and duct contents (arrowhead in a) are positive for CA VI. Serous acinar and serous demilune cells are also positive for CA II. In acinar cells, staining for CA VI is intense in the supranuclear or apical cytoplasm (arrows in a and b), whereas that for CA II is in the perinuclear or basal cytoplasm (arrows in c). In these cells the CA VI immunoreaction products appear to assume granular configurations (double arrows in a and b). Intercalated duct and striated duct cells are weakly positive for CA II (arrowheads in c). Anti-CA I antibody stains only the walls of small blood vessels (inset to d). MC. mucous cells; D, demilune; ICD, intercalated duct; SD, striated duct. Original magnification x 300; Inset x 600. Bars = 20 Nm. 
Discussion
In this study, antibodies to purified human CA isozymes were raised and used for immunohistochemistry of salivary tissues. Using CM Sephadex coupled top-aminomethyl benzensulfonamide (19) , CA VI was purified from saliva, and CA I and CA I1 from erythrocytes. SDS-PAGE profiles of each isozyme coincided well with those previously reported (lOJ5). CA VI showed a single 42 KD band, and the erythrocyte isozymes a single 30 KD band. Rabbit polyclonal antibodies were raised against each of the purified isozymes. Antibody to CA VI did not crossreact with erythrocyte isozymes. Neither anti-CA I nor anti-CA 11 antibodies reacted with CA VI. To date, only Murakami and Sly (15) have shown crossreactivity between human CA VI and human CA 11. Their anti-CA VI and anti-CA I1 antisera recognized the homologous amino acid sequence between CA VI and CA 11. It has been shown that 35% ofthe amino acid residues in CA VI are identical with the CA I1 sequence (2).
The degree of identity of amino acid residues between cyto-plasmic CA isozymes is 50-60% (7) and is much higher than that between CA VI and CA 11. The three-dimensional structures of CA I and CA I1 have been determined by X-ray crystallography and are very similar (18) . These facts could explain why anti-CA I antibody reacted with CA I1 and anti-CA I1 antibody with CA I on the dot-blot. The reaction of each of these antibodies with the non-corresponding antigen, however, was much less intense than with the same amount of the corresponding antigen. Western blotting did not reveal any obvious sign of crossreactivity between CA I and CA 11. Each antibody reacted only with its corresponding antigen. In the salivary gland, anti-CA I antibody stained walls of the small blood vessels, whereas anti-CA I1 antibody stained the glandular epithelia. The lack of CA I in human salivary epithelia has been repeatedly demonstrated (10, 20) . To date, only Noda et al. (16, 17) have shown CA I immunostaining in these epithelia. However, these authors did not test the crossreactivity of their antibody to CA 11.
L
The present cellular distribution of CA VI and CA I1 is similar to that previously reported (10, 16, 17, 20) . The serous acinar cells possess CA VI and CA 11, and the duct epithelial cells CA 11. However. this study has disclosed the subcellular distribution of the isozymes in these cells. CA VI is distributed in the secretory granules and cytosol, and CA I1 in the cytosol. CA I1 is never localized in the secretory granules, the previously anticipated location of the isozyme (20) .
The localization of CA VI in both secretory granules and cytosol in serous acinarcells has also been observed in the rat salivary gland (19) . Considering the presence of immunoreactivity for CA VI in the duct luminal contents, CA VI in the secretory granules should be secreted by the serous acinar cells, then transported to the oral cavity through the duct system. Although the exact function of this secretory CA VI in the oral cavity is not known, it is possible that the enzyme is concerned with such activity as pH regulation, maintaining ion balance in the fluid, and stabilizing macromolecules in the secretion (8) . The secretory CA VI was composed of 42 KD glycoproteins with N-linked oligosaccharides. Endoglycosidase digestion showed that the 42 KD molecule is degraded by endo F and becomes at least two molecules of 33 and 31 KD. On the basis of a similar endoglycosidase digestion study, Murakami and Sly (15) have proposed that human salivary CA has two N-linked oligosaccharide residues. Aldred et al.
(2) have isolated cDNA coding for human CA VI and have determined the nucleotide sequence. The amino acid sequence deduced from that of the nucleotide indicates that the enzyme contains three potential N-glycosylation sites i.e., two Asn-X-Thr sequences and one of Asn-X-Ser.
Because there is no known glycoprotein with N-linked oligosaccharide residues in the cytosol of mammalian cells (1,4), CA VI in the cytosol should be different from secretory CA VI. To isolate the cytosolic CA VI, the submandibular gland was homogenized and passed through an affinity gel so that any CA present would be selectively retained on the gel. In addition to the 42 KD molecule, anti-CA VI antibody reacted with the 30 KD molecule in the Western blot of the purified submandibular gland CA. The 42 KD molecule was cleaved by endo F in the same way as the secretory glycoprotein. On the other hand, the endoglycosidase appeared to have no effect on the 30 KD molecule. It is therefore possible that the cytosolic CA VI is composed of the 30 KD protein. A molecule with a similar molecular mass to the deglycosylated form of secretory CA VI may be the rat cytosolic CA VI (19) .
The rat acinar cells possess only CA VI in the cytosol (19) , as opposed to those of the human, which have CA VI and CA I1 in the cytosol. This difference may be attributed to the species difference in acinar cell demand for the mechanism of saliva secretion sustained by Na+-HC03-flux (see below). Although the extent to which the mechanism contributes to fluid secretion in human salivary gland is unknown, the contribution of the mechanism is significant in rabbit but not in rat salivary gland (3, 14) . An alternative but not mutually exclusive explanation is that the difference is due to the different enzyme activities of human and rat CA VI. Murakami and Sly (15) have shown that the specific activity of human CA VI (46.7 Ulmg) is lower than that of rat CA VI (860 U/mg).
Finally, like rat salivary gland (19) , that of the human possesses CA in the cytosol of both serous acinar and duct epithelial cells. This cytosolic CA functions in situ. According to the most widely accepted model for saliva production, the primary saliva produced by the acinus is modified as it flows through the ducts (9) . The primary saliva formation is thought to occur via osmotic coupling (solute-solvent coupling) of transacinar fluxes of Na'-CI-and/or Na'-HC03-, and water (9) . The Na' -CIflux is thought to be mediated by a Na+-CI-symport system and the Na'-HC03-flux by a Na' -H* antiport system, both of which appear to be located in the basolateral plasma membrane and to operate in concert with Na',K+-ATPase present in the basolateral membrane (3, 14) . The cytosolic CA in serous acinar cells may function in the uansacinar movement of Na'-HC03-by promoting secretion of H' abluminally (for exchange with Na') and HCO3-luminally. The primary saliva produced by the acinus is modified by the ductal reabsorption of Na' and C1-and secretion of K ' and HC03- (9) . Although the mechanism underlying transductal electrolyte movement is less well understood, it is possible that the cytosolic CA in duct epithelial cells plays a role in the ductal modification of primary fluid by promoting the luminal secretion of HC03-and H' . The secretion of H+ is thought to be necessary for both Na+ re-absorption and K+ secretion (11). 
